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tion	 field	experiment	 in	 temperate	grassland	 to	 test	maternal,	 soil	 drought	 and	
diversity	legacy	effects,	and	their	interactions,	on	offspring	plant	performance	of	
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1  | INTRODUC TION




2015;	Kaisermann,	 de	Vries,	Griffiths,	&	Bardgett,	 2017)	 or	ma-
ternal	 effects	 (Mousseau,	 Uller,	 Wapstra,	 &	 Badyaev,	 2009;	
Verhoeven	 &	 van	 Gurp,	 2012;	 Walter,	 Harter,	 Beierkuhnlein,	 &	




However,	 little	 is	 known	about	how	soil	 legacy	and	maternal	 ef-





microbial	 activity,	 potentially	 increasing	 soil	 nutrient	 availability.	
This	 can	 create	 temperature	 legacy	effects	on	 soil	 that	 increase	
plant	growth	even	when	plants	are	grown	under	 lower	tempera-
tures	 (De	 Long	 et	 al.,	 2015).	 The	 legacy	 effects	 of	 drought	 can	
lead	 to	 nutrient	 pulses	 once	 soils	 are	 rewetted	 and	 cause	 last-
ing	 changes	 in	 soil	 microbial	 communities	 (Birch,	 1958;	 Bloor	 &	
Bardgett,	2012;	Evans	&	Wallenstein,	2012;	Leitner	et	al.,	2017).	
These	changes	can	lead	to	altered	plant–soil	feedbacks	and	plant	































of	a	plant	 species	might	be	 jeopardized	 if	environmental	 stressors	
(e.g.	 increased	 temperature)	 lead	 to	maladaptive	maternal	 effects	
(Hovenden	 et	 al.,	 2008).	 Although	 our	 understanding	 of	maternal	
effects	 in	plants	 is	 increasing,	 links	between	maternal	 effects	 and	
extreme	climate	events	remain	poorly	understood.
Importantly,	 drought	 soil	 legacies	 and	maternal	 effects	 can	 in-













soils	 (Zuppinger-Dingley,	 Flynn,	 De	 Deyn,	 Petermann,	 &	 Schmid,	
2016).	Further,	drought	legacies	can	lead	to	decreased	competitive	











house	 experiment	 using	 a	 dominant	 (Holcus lanatus	 L.)	 and	 a	 sub-
ordinate	(Alopecurus pratensis	L.)	grass	species,	and	soils	and	seeds	
that	were	collected	 from	an	established	 field	experiment	 in	which	
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and	biotic	properties	to	help	explain	the	impacts	of	maternal	effects,	
drought	legacy	and	diversity	legacy	effects	on	plant	performance.
2  | MATERIAL S AND METHODS
2.1 | Study site and field experimental set‐up
Soils	and	seeds	for	this	experiment	were	collected	from	one	site	in	
Selside	Shaw	Meadow	(54°10′47.9″N,	2°20′11.1″W),	 Ingleborough	





is	 taken	 each	 summer.	 The	 elevation	 is	 303	m	 a.s.l.,	 annual	 aver-
age	daily	min	and	max	temperatures	between	1981	and	2010	were	
4.3	and	10.5°C,	respectively,	and	average	annual	precipitation	was	
1,550	mm	 (measured	 at	Malham	Tarn	 climate	 station	 18	 km	 from	
the	 site;	 www.metof	fice.gov.uk).	 The	 species	 composition	 is	 typi-
cal	of	species-rich	meadow	communities	of	northern	pastures	 (UK	
National	Vegetation	Classification	MG3b;	Rodwell,	1998).






each	 year	 from	 2013	 to	 2014	 to	 increase	 plant	 species	 diversity	
(Supporting	 Information	 Tables	 S1–S3).	 The	 two	 focal	 species	 of	























water	 contents	of	59.1	±	1.4%	and	24.3	±	0.7%,	 respectively,	 and	
high	diversity	ambient	and	drought	subplots	had	average	soil	water	
contents	of	61.8	±	1.5%	and	24.4	±	0.6%,	 respectively.	All	 subse-
quent	 vegetation	 and	 soil	 measurements	 were	 taken	 at	 minimum	
30	cm	from	the	edges	of	the	drought	subplot	to	avoid	edge	effects.	
For	this	experiment,	we	collected	seeds	and	soils	from	subplots	that	









at	 two	 different	 times	 due	 to	 timing	 of	 seed	 ripening	 (i.e.	 certain	
plants	of	both	species	ripened	earlier	than	others).	After	collection,	
seeds	were	 transported	back	 to	 the	 laboratory	 and	dried	 at	 room	
temperature	(25°C)	until	27	September	2016	when	they	were	placed	
in	 the	 refrigerator	 (4°C)	 for	 two	weeks	 to	 cold	 stratify	 the	 seeds.	
Subsamples	of	seeds	from	each	species	and	seed	origin	combination	
were	weighed	and	analysed	for	%C	and	%N	to	determine	whether	
























Replicate	 pots	were	 filled	with	 soil	 from	 each	 diversity	 leg-
acy	 treatment	 ×	 drought	 legacy	 treatment	 so	 that	 one	 pot	
could	be	exposed	 to	 control	moisture	 conditions	 and	 the	other	
could	be	exposed	 to	drought	 conditions	 (see	end	of	paragraph)	
(Figure	1).	On	9	November	2016,	one	seedling	of	each	grass	spe-
cies	 (A. pratensis and H. lanatus)	 from	each	diversity	 soil	 legacy	





were	planted	back	 into	 soils	 from	 the	 same	droughted	 subplot)	
and	 one	 seedling	 was	 planted	 into	 a	 different	 drought	 legacy	
soil	 from	within	 the	 same	plot	 (e.g.	 seedlings	 that	 came	 from	a	
drought	subplot	were	planted	into	soils	from	the	corresponding	
ambient	 subplots).	 In	 total,	 this	 created	 five	 treatments:	mater-
nal	origin	 (ambient	maternal,	drought	maternal),	drought	 legacy	
(ambient	 legacy,	drought	legacy),	diversity	 legacy	(low	diversity,	
high	 diversity),	 glasshouse	 watering	 (well-watered,	 droughted)	
and	species	(A. pratensis and H. lanatus).	With	five	replicates,	this	
design	resulted	in	160	pots	(Figure	1).
After	 transplanting,	 seedlings	were	watered	 as	necessary	with	
tap	 water	 for	 ten	 weeks	 before	 the	 onset	 of	 the	 experimental	
drought	(A. pratensis and H. lanatus	were	on	average	29.3	±	1.0	and	
26.1	±	0.5	cm	tall,	respectively,	at	the	time	of	drought	onset).	Pots	
were	 weeded	 as	 necessary.	 On	 23	 January	 2017,	 the	 glasshouse	
drought	began.	Well-watered	pots	were	kept	at	70%	water	holding	













enabled	us	 to	 test	how	maternal	environment	and	soil	 legacies	af-
fected	 short-term	plant	 acquisition	 and	distribution	 (i.e.	 roots	 and	
shoots)	of	soil	mineral	N.
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2.3 | Glasshouse experimental harvest











Ltd.,	 using	 a	 Flash	 EA	 1112	 Series	 Elemental	 Analyser	 connected	
via	a	Conflo	 III	 to	a	DeltaPlus	XP	 isotope	ratio	mass	spectrometer	
(Thermo	 Fisher	 Scientific).	 The	 δ15NAir-N2	 values	 were	 normal-
ized	using	International	Atomic	Energy	Agency	reference	materials	
USGS40	and	USGS41a	(both	L-glutamic	acid).	The	USGS40	was	used	
as	 a	 reference	material	 for	N	 concentrations,	measured	 using	 the	
area	output	of	the	mass	spectrometer.
Roots	 were	 cleared	 with	 2.5%	 KOH,	 stained	 with	 acidic	 glyc-
erol	 solution	 containing	 0.05%	 trypan	 blue	 (Sigma	 Co.;	 Koske	 &	
Gemma,	1989),	and	colonization	of	hyphae,	arbuscules	and	vesicles	
was	measured	using	the	gridline	intersection	method	(i.e.	structures	
intersecting	microscope	 lens	 crosshairs;	McGonigle,	Miller,	 Evans,	
Fairchild,	&	Swan,	1990).








Soil	 extracellular	 enzyme	 (i.e.	 amino	 acid	 deaminase	 [DEA],	 glu-






lysed	 using	 linear	 mixed	 effects	 models.	 Diversity	 legacy	 (low,	
high),	drought	legacy	(ambient	legacy,	drought	legacy),	maternal	or-
igin	(ambient	maternal,	drought	maternal),	species	(A. pratensis and 
H. lanatus)	and	glasshouse	watering	 (well-water,	droughted;	here-
after	watering)	were	 included	as	 fixed	effects,	with	all	 three-way	
interactions	specified.	We	used	restricted	maximum	likelihood	and	
type	III	sum	of	squares	in	all	models.	Simulations	show	that	REML	
method	 with	 Kenward–Roger	 or	 Satterthwaite	 approximations	
for	 degrees	 of	 freedom	 produces	 acceptable	 type	 I	 error	 rates	
and	performs	well	even	with	small	sample	sizes	 (Luke,	2017).	We	
used	Kenward–Roger	approximation	for	degrees	of	freedom	as	our	








block	 (i.e.	 the	 randomized	 block	 design	 into	 which	 all	 the	 pots	




and	 random	 factors	 as	 above.	Whenever	 significant	 interactions	
were	detected,	post	hoc	 tests	were	performed	using	 the	 lsmeans 
package	 in	 R	 (Lenth,	 2016)	 with	 Tukey	 HSD	 adjustment,	 which	
accounts	 for	multiple	 comparisons.	All	 data	were	 transformed	as	
necessary	to	meet	the	model	assumptions	(see	ANOVA	tables	for	




3.1 | Maternal and drought legacy effects
Shoot	biomass	was	20%	lower	in	plants	from	ambient	maternal	ori-
gin	when	grown	in	soils	with	ambient	 legacy	compared	to	drought	
legacy;	plants	 from	drought	maternal	origin	 showed	no	 significant	
difference	 in	 shoot	biomass	between	ambient	 and	drought	 legacy	








3.2 | Diversity legacy interactions with maternal 
effects and drought legacy




The	 enzymes	 DEA	 and	 URE	 were	 both	 higher	 in	 drought	 than	
ambient	 low	 diversity	 legacy	 soils,	 but	 this	 effect	 disappeared	
in	 high	 diversity	 soils	 (diversity	 ×	 drought	 legacy	 interaction;	
Figure	4c,d).
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3.3 | Species interactions with maternal effects, 




cies	 interaction,	 Figure	 5c).	 Shoot	 %C	 was	 higher	 in	 A. pratensis 
than	H. lanatus	when	seeds	came	from	ambient	and	drought	mater-
nal	 origin	 and	were	 grown	 in	 drought	 legacy	 soils,	 but	 this	 effect	
disappeared	 when	 seeds	 came	 from	 ambient	 maternal	 origin	 and	
were	grown	in	ambient	legacy	soils	(maternal	effect	×	drought	leg-
acy	×	species	interaction,	Figure	5b).	Shoot	C:N	ratios	were	higher	
in H. lanatus	 grown	 in	 low	 diversity	 ambient	 vs.	 drought	 legacy	
soils,	but	 this	effect	disappeared	 in	high	diversity	soils	and	no	dif-






higher	 in	 soil	 planted	 with	 A. pratensis	 than	 H. lanatus.	 However,	
this	effect	disappeared	when	A. pratensis	seeds	came	from	drought	
maternal	 origin	 and	were	 grown	on	 low	 diversity	 legacy	 soils	 and	
when	H. lanatus	seeds	came	from	ambient	maternal	origin	and	were	
grown	 on	 high	 diversity	 legacy	 soils	 (maternal	 effect	 ×	 diversity	
legacy	×	species	 interaction;	Figure	5a).	Microbial	C:N	 ratios	were	
affected	by	drought	and	diversity	 legacy	and	species	 interactions,	
but	 post	 hoc	 tests	 revealed	 no	 significant	 differences	 between	




but,	 again,	 post	 hoc	 tests	 revealed	 no	 differences	 between	 treat-
ments	 (means	not	 shown).	More	details	 on	 significant	 effects	 and	
means	not	discussed	 in	 the	 text	or	displayed	 in	 the	Figures	are	 in	
Supporting	Information	Appendix	S2	and	Table	S8,	respectively.
4  | DISCUSSION
Our	 goal	 was	 to	 evaluate	 interactions	 between	 drought	 maternal	
effects	 and	 drought	 and	 diversity	 soil	 legacies	 on	 grassland	 plant	
performance.	 Although	 we	 detected	 significant	 drought	 maternal	
effects	on	 shoot	biomass,	 drought	 soil	 legacy	 cancelled	out	 these	
effects	due	to	changes	in	soil	properties.	These	results	suggest	that	







4.1 | Maternal and drought legacy effects








2012;	 Leitner	et	 al.,	 2017).	Therefore,	 faster	growth	and	develop-






that	 plants	would	 respond	 to	 drought	 legacy	 effects.	 Plants	were	
larger	and	had	higher	shoot	and	root	N	concentrations	when	grown	
in	drought	legacy	soils.	Many	studies	have	shown	that	post-drought	
soils	have	higher	nutrient	 concentrations	due	 to	 a	pulse	of	miner-
alization	 following	 rewetting,	which	 is	 primarily	 caused	by	 the	 re-
activation	of	microbial	 activity	 that	 leads	 to	 the	decomposition	of	
dead	microbial	 and	 plant	 biomass	 (Birch,	 1958;	 Bloor	 &	 Bardgett,	
2012;	Leitner	et	al.,	2017).	In	line	with	this	mechanism,	drought	leg-
acy	resulted	in	an	increase	in	microbial	biomass	and	soil	inorganic	N,	
as	well	 as	 increased	urease	enzyme	activity,	which	 together	 likely	
contributed	 to	higher	plant	biomass	 in	drought	 legacy	soils.	 In	ad-
dition,	 plants	 grown	 in	 drought	 legacy	 soils	 took	up	 less	 15N	 than	
those	 grown	 in	 ambient	 legacy	 soils,	 but	 plants	 grown	 in	 drought	
legacy	 soils	 had	 higher	 tissue	 N	 concentrations.	 This	 was	 likely	
F I G U R E  2  Shoot	biomass	averaged	across	all	plants	(Alopecurus 






























F = 4.5 
p = 0.037 








helping	 to	 maintain	 plant	 productivity	 under	 recurrent	 droughts	
(Arredondo	et	al.,	2016).
Our	 second	 prediction	 was	 also	 supported	 because	 drought	











that	 if	 seeds	 germinate	 in	 a	more	N-poor	 environment	 than	 their	
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p = <0.001 
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p = <0.001 



























































High, droughted  
F = 4.3 
p = 0.041 
F = 6.1 





































































F = 5.1 
p = 0.027 
F = 11.5 
p = 0.001 
a 
(b) 
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plant	 performance	 in	 temperate	 grasslands	 as	 drought	 events	 be-
come	more	frequent	and	intense	with	climate	change.
4.2 | Diversity legacy effect interactions with 




enzymes	DEA	 (which	 breaks	 down	 amino	 acids,	 thereby	 releasing	
ammonia)	and	URE	(which	degrades	urea	and	is	considered	a	proxy	
for	 N	mineralization)	 were	 consistently	 more	 active	 and	 stable	 in	
high	diversity	soils	and	less	active	in	low	diversity	soils.	Their	activ-
ity	was	 also	 lowest	 in	 ambient	 soils,	 but	 significantly	 increased	 in	
drought	legacy	soils.	These	responses	may	be	because	low	diversity	





4.3 | Species interactions with maternal effects, 




were lower in H. lanatus	plants	grown	in	soil	from	drought	compared	
with	 ambient	 legacy	 subplots,	 but	 these	 effects	were	 not	 detected	
for A. pratensis.	This	 likely	 reflects	 the	greater	capacity	of	H. lanatus 





F I G U R E  5  Total	inorganic	nitrogen	(TIN)	measurements	(panel	a)	from	Alopecurus pratensis and Holcus lanatus	grown	in	low	and	high	
diversity	legacy,	ambient	and	drought	legacy	soils;	shoot	%C	(panel	b)	of	Alopecurus pratensis and Holcus lanatus	from	ambient	and	drought	
maternal	origin	grown	in	soils	from	ambient	and	drought	legacy;	mycorrhizal	vesicle	%	colonization	(panel	c)	of	Alopecurus pratensis and 
Holcus lanatus	grown	in	soils	from	ambient	and	drought	legacy,	low	and	high	diversity	legacy	soils	and	shoot	carbon-to-nitrogen	(C:N)	ratios	
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conditions.	 This	 inherent	 adaptability	 of	 H. lanatus	 to	 variable	 soil	
conditions	could	partially	explain	why	this	species	is	able	to	maintain	
dominance	 in	many	 grassland	habitats.	On	 the	 other	 hand,	 shoot	C	





Colella,	Mita,	&	Lattanzio,	2015).	Therefore,	when	A. pratensis came 
from	an	ambient	maternal	 environment	and	were	grown	 in	 ambient	







Drought	 events	 can	 affect	 soil	 properties	 including	nutrient	 avail-
ability	 and	 microbial	 community	 composition	 (Bloor	 &	 Bardgett,	
2012;	Kaisermann	et	al.,	2017;	Leitner	et	al.,	2017),	which	can	alter	
plant	 productivity	 (Arredondo	 et	 al.,	 2016).	Here,	we	 show	 that	 a	
single	drought	event	 in	 the	 field	can	also	create	significant	mater-
nal	and	soil	legacy	effects,	which	translated	to	improved	growth	of	
two	common	grass	species.	Drought	maternal	or	soil	legacy	effects	
could	have	positive	 implications	 for	 the	 capacity	of	 plant	 commu-
nities	 to	 resist	 and	 recover	 from	 future	drought	 events	 (Backhaus	
et	al.,	2014).	However,	we	demonstrate	that	drought	legacy	effects	
on	soil	are	more	important	for	plant	performance	than	are	drought	
maternal	 effects.	 This	 suggests	 that,	 at	 least	 in	 the	 short	 term,	
drought	soil	legacy	effects	have	the	greatest	potential	to	influence	
grassland	 community	 dynamics	 and	 ecosystem	 function.	 Despite	
this,	caution	must	be	exercised	in	drawing	broad	conclusions,	as	the	
effects	of	drought	can	vary	depending	on	timing,	duration	and	 in-






of	maternal	 vs.	 soil	 legacy	 effects.	Nevertheless,	 our	 findings	 pull	
focus	 on	 the	 need	 to	 consider	 interactions	 between	 the	maternal	






can	 override	maternal	 effects	will	 allow	 us	 to	 better	 predict	 how	
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